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ABSTRACT
The present work correlates quasi-static, tensile mechanical properties of additively
manufactured Ti-6Al-4V (Grade 23) alloy to the phase constituents, microstructure and fracture
surface characteristics that changed with post-heat treatment of stress relief (670 °C for 5h) and
hot isostatic pressing (HIP with 100MPa at 920 °C for 2h). Ti-6Al-4V alloy tensile specimens in
both the horizontal (i.e., X and Y) and vertical (Z) directions were produced by laser powder bed
fusion (LPBF) technique. Mechanical properties were determined using quasi-static, tensile testing
for both the as-stress-relieved (ASR) and HIP specimens. For the ASR and HIP samples built in
X, Y and Z directions, density by Archimedes principle and image analysis, phase constituents by
X-ray diffraction and Rietveld technique, microstructure and fracture surface by optical and
electron microscopy, and microhardness by Vickers were examined. Higher yield strength (1141
MPa), higher tensile strength (1190 MPa), but lower elongation at fracture (6.9 %) along with a
mechanical anisotropy were observed for ASR samples. After HIP, an isotropic mechanical
behavior was observed with a slight reduction in yield strength (928 MPa) and tensile strength
(1003 MPa), but with a significant improvement in elongation at fracture (16.1%). These
properties satisfy the industry specification. Phase constituents of acicular α' phase in ASR and
lamellar α + β phases in HIP samples were consistently observed to substantiate the reduction in
strength, but the anisotropic variation in elongation at fracture observed for the ASR samples was
related to the presence of “lack-of-fusion” flaws.
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CHAPTER 1: INTRODUCTION
Additive manufacturing (AM), commonly known as three-dimensional (3D) printing,
typically refers to a process in which an engineering component is built layer-by-layer close to
their final (net) shape. This net-shape capability of manufacturing with a high degree of accuracy
from a computer aided design (CAD) model and the ability of powder recycling makes the AM
technology an alternative to the conventional manufacturing routes. The two categories of powder
based laser AM of metallic materials are powder bed fusion (PBF) and directed energy deposition
(DED). They vary on the process of delivery of powders into the melt pool. The high cooling rates
and high thermal gradient of AM parts built through laser based AM leads to the a very fine
microstructure and formation of columnar grains which can create anisotropy in mechanical
properties [1, 2]. Often times, the as-built AM components suffer from manufacturing defects like
porosity and lack of fusion flaws. The ability of producing fine microstructure in components built
by AM can lead to a higher strength but at the expense of reduced ductility and fracture toughness
[3]. Consequently, post-AM heat treatment has become an indispensable tool for the AM
components in order to reduce some of the fabrication limitations and to have desired mechanical
properties. At present, the challenge in AM lies in manufacturing components with combination
of superior strength, ductility and fracture toughness in the as-built state.
The high specific strength, better corrosion resistance and excellent biocompatibility of
titanium alloy makes it worthy candidate for applications in aerospace industry, medical devices,
implants and in petrochemical industry. The most popular titanium alloy, also recognized as the
“workhorse alloy” in titanium industry is Ti-6Al-4V, which consists of α-β phase where α
(stabilized by Al) is the low temperature hexagonal close packed (hcp) phase and β (stabilized by
V) is the high temperature body centered cubic (bcc) phase. Commercially, two types of powders
1

are used for AM of Ti-6Al-4V alloy components: Ti-6Al-4V ELI (grade 23) and Ti-6Al-4V (grade
5). The most important difference between Ti-6Al-4V ELI (grade 23) and Ti-6Al-4V (grade 5) is
the reduction of oxygen content to 0.13% (maximum) in grade 23. This reduction in oxygen
content in Ti-6Al-4V ELI (grade 23) powder provides considerable improvement in ductility and
fracture toughness, however with a minor reduction in strength. These advantages and superior
mechanical properties make the LaserForm Ti Gr23 (A) the widely used medical and aerospace
titanium grade [4].
The Ti-6Al-4V alloy is very sensitive to thermal history and its microstructure can vary
based on temperature and cooling history induced by the fabrication and heat treatment. The asbuilt microstructure of the AM built Ti-6Al-4V components tends to be fine, needle-shaped
(acicular) α' martensite because of the high cooling rate and sometimes Widmanstatten α-β.
Columnar β grains oriented in the build direction (Z) can appear in the microstructure which
suggests that during solidification the high temperature β phase nucleates onto itself and grows
across the build layers [5]. Several post-processing treatments techniques have been followed in
order to enhance the mechanical properties of AM built Ti-6Al-4V components. Recent
advancement in AM has allowed the users to carry on post-processing treatments while the
components are still attached to the build platform.
The aim of this study was to correlate the quasi-static, tensile mechanical behavior of Ti6Al-4V alloy to the phase constituents and microstructure that changed after post-heat treatment
of stress relief and hot isostatic pressing (HIP). Laser powder bed fusion (LPBF) technique was
employed to build Ti-6Al-4V alloy tensile specimens in both the horizontal (i.e., X and Y) and
vertical (Z) directions with respect to the build direction (Z). Mechanical properties were
determined using quasi-static, tensile testing for both the as-stress-relieved (ASR) and hot-
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isostatically-pressed (HIP) alloy specimens. For ASR and HIP samples built in X, Y and Z
directions, density was first determined using both the Archimedes and image analysis. X-ray
diffraction (XRD) was used to identify the phases present in these samples, and Rietveld
refinement technique was employed to quantify the phase constituents. Microstructure was
examined using both optical microscopy (OM) and scanning electron microscopy (SEM). Fracture
surfaces from tensile specimens were also investigated using SEM. Hardness was also determined
using Vickers microhardness. Findings from phase constituent quantification, microstructural
analysis, and fracture surface examination were correlated to the difference in mechanical behavior
observed for ASR and HIP Ti-6Al-4V alloy specimens built in X, Y and Z directions.
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CHAPTER 2: LITERATURE REVIEW
2.1 Classification of Titanium Alloys
The mechanical properties of titanium alloy depend on the phase constituents and their
arrangement observed as the microstructure. The classification of Ti alloys is generally based on
the volume fraction of the matrix phase present in the alloy which in turn is also influenced by the
elemental composition of the alloy. At room temperature, pure Ti has a hexagonal closed packed
(hcp) crystal structure typically referred to α phase. When heated above 882 °C, Ti alloy undergoes
a polymorphic transformation to body centered cubic (bcc) structure [6] referred to as β phase.
Pure Ti is alloyed primarily because of two reasons: to alter the phase transition temperature and
to change the relative amount of the phases present. The addition of alloying elements might
stabilize the α phase by raising the α-β transition temperature – referred to as the α stabilizer, or it
might stabilize the β phase by lowering the α-β transition temperature – referred to as β stabilizer.
The common alloying elements typically added into the titanium alloy are presented in Table 1.
Table 1: Common alloying elements and their stabilizing effect [7, 8]
Alloying element
Aluminum
Tin
Vanadium
Molybdenum
Chromium
Copper
Zirconium
Silicon

Range (wt%)
2-7
2-6
2-20
2-20
2-12
2-6
2-8
0.2-1

4

Effect on structure
α stabilizer
α stabilizer
β stabilizer
β stabilizer
β stabilizer
β stabilizer
α and β strengthening
Improves creep resistance

Commercial titanium alloys are categorized into α, α+β and β alloys depending on their
composition represented by a schematic of a pseudo-binary section through a β isomorphous phase
diagram as shown in Figure 1. The α alloys presented in Table 2 upon annealing below the β
transformation temperature contain only small amounts of β phase (2-5 vol%) stabilized by iron.
Commercially pure (CP) titanium are also included in the α alloys and varies with respect to the
oxygen content present. The α+β alloys undergoes martensitic transformation upon quenching
from the β phase to the room temperature, and their compositions can range from α to α+β phase
boundary up to the intersection line of martensite start temperature (Ms). Since the β alloys are
located in the equilibrium α+β phase region of the phase diagram, they are referred to as the
metastable β alloys as they do not undergo martensitic transformation upon fast cooling from the
β phase field.

Figure 1: A schematic of pseudo-binary section through a β isomorphous phase diagram [6]
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Table 2: Examples of some commercial Titanium alloys [6]
Common Name
Grade 1
Grade 2
Grade 3
Grade 4
Grade 7
Grade 12
Ti-5-2.5
Ti-3-2.5

Ti-811
Ti-6-4
Ti-6-4 ELI
Ti-662

Ti-6246
Ti-17
Ti-10-2-3
Ti-15-3

Alloy Composition (wt%)
α Alloys and CP Titanium
CP-Ti (0.2Fe, 0.18O)
CP-Ti (0.3Fe, 0.25O)
CP-Ti (0.3Fe, 0.35O)
CP-Ti (0.5Fe, 0.40O)
7 Ti-0.2Pd
Ti-0.3Mo-0.8Ni
Ti-5Al-2.5Sn
Ti-3Al-2.5V

Tβ (°C)
890
915
920
950
915
880
1040
935

α+β alloys
Ti-8Al-1V-1Mo
Ti-6Al-4V (0.20O)
Ti-6Al-4V (0.13O)
Ti-6Al-6V-2Sn
Ti-4Al-2Sn-4Mo-0.5Si

1040
995
975
945
975

β alloys
Ti-6Al-2Sn-4Zr-6Mo
Ti-5Al-2Sn-2Zr-4Mo-4Cr
Ti-10V-2Fe-3Al
Ti-15V-3Cr-3Al-3Sn

940
890
800
760

2.2 Microstructure of Ti Alloys
In general, thermo-mechanical processing of α+β Ti alloys yields three different
microstructure: fully lamellar, fully equiaxed and bimodal or duplex microstructure [9]. Fully
lamellar microstructure can be obtained through a 4-stage processing route as shown in Figure 2.
The Ti ingot is first homogenized in the β phase region, it is then either rolled or forged at around
β transformation temperature. The alloy is then further heated to the β phase region and cooled to
room temperature. The cooling rate plays a vital role here and it can be slow, intermediate or rapid
(quenching) depending on the final applications of the alloy. Finally, the alloy is annealed in order
to reduce the residual stress or to permit any solid state transformation from residual martensitic
6

phases to the equilibrium α+β phase. Furnace cooling in general produces lamellar microstructure
in which parallel arrangement of α laths are revealed-also referred to α colony along with retained
β phase around the grain boundary. Typically, air cooling produces Widmanstätten microstructure
while water quenching produces fine martensitic microstructure as presented in Figure 3 [6].
Typical optical micrographs of fully lamellar microstructure resulting from (a) slow cooling, (b)
intermediate cooling and (c) quenching are presented in Figure 3.

Figure 2: Four stage processing route to obtain full lamellar microstructure in Ti-alloy [6]

Figure 3: Typical optical micrographs of fully lamellar α+β microstructure resulting from (a) slow
cooling, (b) intermediate cooling rate and (c) quenching [9]
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Figure 4 presents (a) fully equiaxed α grains and (b) bimodal microstructure consisting of
lamellar α+β and equiaxed α grains. These microstructures can be obtained in a similar manner
illustrated in Figure 2, however with variation in temperature of recrystallization stage and
subsequent cooling rate. The alloy can be slowly cooled after stage 3 (i.e., recrystallization) in
order to create fully equiaxed microstructure shown in Figure 4(a). Alternatively the
recrystallization can be performed at a lower temperature so that the equiaxed α grains can develop
directly during the recrystallization of the deformed grains [9]. To develop the bimodal
microstructure consisting of lamellar α+β and equiaxed α grains as shown in Figure 4(b),
recrystallization (stage 3) is performed in the α+β region. The ingot is initially homogenized in the
β region (i.e., stage 1) and then cooled down to room temperature. The final maximum size of the
equiaxed grains and the width of the lamellar grains are dependent on the cooling rate associated
with the process [9].

Figure 4: Typical optical micrographs of (a) fully equiaxed and (b) bimodal microstructure. [9]
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2.3 Additive Manufacturing of Metallic Materials
Additive manufacturing of metallic materials can be widely classified into powder bed
fusion (PBF) and directed energy deposition (DED). The PBF process can further be divided based
on the heating source used. The heating sources can either be laser or electron beam. PBF and
DED differs on how the powder is fed into the melt pool. In DED, powders are deposited where
desired using a nozzle attached with a laser. In PBF, the powder is spread into a thin layer (i.e.,
powder bed) over the build plate and fused together by a laser. Spread of powder bed and laserbased fusion is repeated by layer by layer to build a 3D part [5]. The powder bed fusion (PBF)
processes are commonly referred to as selective laser melting (SLM), direct metal laser printing
(DLMS), laser melting (LM), electron beam melting (EBM) which uses electron beam instead of
laser as a heating source. Direct metal printing (DMP), direct metal deposition (DMD), direct
manufacturing (DM), laser metal deposition (LMD) are the widely acronyms for directed energy
deposition (DED) processes. The broad classification of additive manufacturing of metallic
materials along with the selected original equipment manufacturers (OEM) are presented in Figure
5.

9

Figure 5: A schematic summary of metal additive manufacturing processes along with OEMs [10].
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2.4 Mechanical Properties of Ti-6Al-4V Alloy Produced by LPBF
The reported mechanical properties of Ti-6Al-4V alloy produced by laser powder bed
fusion (LPBF) along with selected original equipment manufacturers (OEMs) are listed in Table
3.
i.

The as-built, stress relieved and HIP Ti-6Al-4V alloys manufactured using EOS were
tested for fatigue life without final surface machining. Stress-relief was performed at 800
°C for 4 hours and HIP was performed at 899 °C for 2 hours at 101.7 MPa. This study was
aimed at the fatigue life of Ti-6Al-4V alloy hence, % elongation at fracture was not
reported. However, as-built samples exhibited lowest Young’s modulus and highest yield
and tensile strength, while HIP samples showed highest Young’s modulus and lowest yield
and tensile strength [11].

ii.

Ti-6Al-4V alloy samples were built using SLM, and stress relieved at 650 °C for 4h, and
annealed at 890 °C [12]. The as-built tensile specimens exhibited higher ultimate tensile
strength of 1248 MPa with an average elongation at fracture of about 6%. After stress relief
heat treatment, the tensile strength dropped to 1171 MPa with a slight increase in
elongation at fracture. Surprisingly, the heat treated tensile specimens showed lowest
tensile strength and lowest % elongation at fracture.

iii.

Heat treated samples manufactured using EOS M280 showed higher yield strength of 1017
MPa, higher tensile strength of 1096 MPa and higher % elongation at fracture of 12 % [13].
The samples were heat treated at 710 °C for 2h under vacuum followed by furnace cooling
under Ar atmosphere to reduce residual stresses.
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iv.

From SLM built, the heat treated specimens were annealed at 700 °C for 1 h, and then it
was cooled with a constant cooling rate of 10 K/min. HIP was performed at 900 °C and
100MPa for 2h in Ar atmosphere followed up with annealing at 700 °C for 1 h and then
cooled with a constant cooling rate of 10K/min. This two-step optimized HIP treatment
yielded a maximum elongation at fracture of 19% [14].

v.

The as-built Ti-6Al-4V tensile specimens produced using Renishaw MTT20 yielded yield
strength of 910 MPa, tensile strength of 1035 MPa and % elongation at fracture of 3.3 %.
This poor tensile properties were attributed to surface roughness, porosity and residual
stresses present in the specimen [15].

vi.

The as-built Ti-6Al-4V tensile specimens produced using EOS M270 showed anisotropy
in yield and tensile strength. The horizontally built specimens showed lower yield and
tensile strength while vertically built specimens showed higher yield and tensile strength.
No significant difference were observed in % elongation at fracture for the horizontally
and vertically built specimens [16].

vii.

From SLM 250 built samples, stress relief treatment was carried at 800 °C for 2 h in Ar
atmosphere. Two HIP treatments were carried out: one at 920 °C for 2h using 100 MPa
and the other at 1050 °C for 2h using 105 MPa. A higher tensile strength was observed for
the samples HIPed at lower temperature, but no significant difference in % elongation at
fracture was observed [17].

viii.

From SLM 250 built samples, HIP was performed at 920 °C for 2h at 100MPa in Ar
atmosphere while samples were also heat treated at 800 °C in Ar atmosphere for 2h. All
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the samples were furnace cooled. The as built sample exhibited almost brittle character
[18].
ix.

The stress-relieved samples manufactured by Renishaw AM250 underwent stress-relief
treatment at 730 °C for 2h in N2 protective atmosphere and was then furnace cooled at rate
of 10 °C/min [19]. The as-stress relieved samples showed lowered yield and tensile
strength than the as-built samples in all build directions. After stress relief treatment,
slightly higher % elongation at fracture was observed.

Table 3: Summary of mechanical properties reported for Ti-6Al-4V alloy produced by LPBF [10]
Machine
Type

Condition

Specimen
Orientation

E
(GPa)

YS
(MPa)

UTS
(MPa)

(i) EOS

As-built

XZY

91.8
± 0.5
98.2
± 1.2
106.8
± 1.3
-

938
± 7.7
862
± 3.1
835
± 3.8
1093±
64
1125±
22
1145±
17
1132±
13
973
±8
964
±7
1017
±7
736
885
1051

1140
±5
936
±3.6
910
±2.9
1279
± 13
1216
±8
1187
± 10
1156
± 13
996
± 10
998
± 14
1096
±7
1051
973
1115

Stressrelieved
HIP
(ii) SLM

As-built

XY
ZX

Stressrelieved

XY
ZX

Heat
treated

XY
ZX

(iii) EOS
M280
(iv) SLM

Heat
treated
As-built
HIP
Heat
treated

ZX

-

-

110
115.4
117.4
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Elongation
at fracture
(%)
-

Hardness
(HV)

Ref.

-

[11]

6 ± 0.7

-

[12]

12± 0.5

-

[13]

11.9
19
11.3

360
321
351

[14]

6 ± 0.4
7± 2.7
8± 0.4
3± 0.4
6± 2

Machine
Type

Condition

Specimen
Orientation

(v)
Renishaw
MTT20
(vi) EOS
M270

As-built

XY

As built

ZX

E
(GPa)

-

XY
(vii)
SLM 250

As-built

ZX

-

YS
(MPa)

UTS
(MPa)

910
± 9.9

1035
± 29

1143
± 30
1195
±19
-

1219
± 20
1269
±9
1314
± 15.6
1088
± 26.3
1007
± 14.6
1228
± 32.4

4.89± 0.6

HIP920°C
HIP1050°C
Stressrelieved
(viii)
SLM 250

(ix)
Renishaw
AM250

As-built
HIP
Heat
treated
As-built

Stressrelieved

Elongation
at fracture
(%)
3.3 ± 0.76

Hardness
(HV)

Ref.

[15]

[16]

5± 0.5
4± 1.2

[17]

13.8± 1.3
13.5± 0.7
8± 1.5

ZX

-

1008
912
962

1080
1005
1040

1.6
8.3
5

-

[18,
20]

XZ
ZX
XY
XZ
ZX
XY

115
119
113
113
117
112

978
967
1075
958
937
974

1143
1117
1199
1057
1052
1065

11.8
8.9
7.6
12.4
9.6
7

-

[19]

2.5 Additive Manufacturing of Ti-6Al-4V Alloy
Ti-6Al-4V alloys exists in two different polymorphs: α-Ti having hexagonal close-packed
(hcp) structure that exists below the β transus temperature, and β-Ti with body-centered cubic
(bcc) structure that exists above the β transus temperature. Under equilibrium, additively
manufactured Ti-6Al-4V alloy would undergo polymorphic transformation from α (hcp) phase to
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β (bcc) at around 1000 °C [21]. As Al is an α stabilizer while V stabilizes β, Ti-6Al-4V would
maintain the α + β dual-phase at room temperature according to equilibrium.
The three most common additive manufacturing process widely used to manufacture to Ti6Al-4V are Directed energy deposition (DED), Selective laser melting (SLM) and Electron beam
melting (EBM). The common ground for each of the three processes involves an interaction
between power source (i.e., laser or electron beam) and metallic alloy in its powders bed form,
which creates a metal pool where rapid melting and resolidification takes place. The presence of
large temperature gradients and high cooling rate due to confined heat input and small window of
interaction time affects the as-built microstructure and leads to high residual stress in AM built Ti6Al-4V alloy components [3].
A maximum temperature of about 2000~2500 °C [22] was reported in the Ti-6Al-4V metal
pool created by SLM, which also produced a cooling rate in the range of 104–106 K/s [23]. Two
types of pores were frequently observed in AM parts: gas-trapped pores and lack-of-fusion flaws.
Excessive amount of porosity is a problem in AM parts and can still remain under optimized SLM
parameters, but hot isostatic pressing (HIP) was found to be an effective solution to reduce the
amount of pores and flaws because heat treatment alone cannot serve the purpose [18, 24-26].
The as-built microstructure of Ti-6Al-4V alloy produced by LPBF is dominated by the fine
needle-shaped (acicular) α' martensite because of the high cooling rate. Yang et al. [27] have
reported that the microstructure of SLM built Ti-6Al-4V components typically consisted of four
different length-scale martensites: primary α′ (>20 µm), secondary α′ (10-20 µm), tertiary α′ (1-10
µm) and quaternary α′ (<1 µm). High density of dislocations and twins within the α′ martensites
were also reported. The α′ martensite phase forms within a specific cooling rate range. The regions
in which the cooling rate exceeds 410 K/s will produce a complete α′ martensite, while the cooling
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rate between 410 K/s and 20 K/s will lead to incomplete transformation to α′ phase, and the cooling
rate less than 20 K/s will not produce α′ [28].
Vrancken et al. [29] reported an exhaustive study on the heat treatment of SLM printed Ti6Al-4V. Heat treatment have been classified into two types: below β transus and above β transus
heat treatments. The holding time and cooling rate did not have significant impacts on the heat
treatment performed below the β transus temperature (~1000 °C). However, below the β transus,
the holding temperature is the major factor that governs the microstructure and the mechanical
properties. Mechanical properties of SLM built Ti-6Al-4V alloys were dependent on the maximum
heat treatment temperature and the starting, as-built microstructure. In general, the martensitic α′
in the as-built microstructure, converted to a lamellar microstructure of α and β treated below β
transus temperature with some of the as-built features remaining intact. Heat treatment above the
β transus temperature completely dissolved the as-built features and extensive grain growth was
observed due to the presence of β phase only. Upon cooling, lamellar microstructure of α and β
was obtained depending on the holding time and cooling rate. Maximum ductility of 12.84 ±
1.36%, compared to 7.36 ± 1.32% for as-built parts were observed on post treating at 850 ºC for
2h followed by furnace cooling.
Qiu et al. [26] described the anisotropy in ductility in SLM built Ti-6Al-4V alloy both in
the as-built condition and after HIP. Previously, most of the reported anisotropy in mechanical
properties (ductility) were due to presence of manufacturing defects like porosity, but they claimed
that the difference was due to the presence of columnar grains, which are along the length of tensile
samples for the samples built in vertical direction, while they are orthogonally oriented for the
samples built in horizontal direction. They have also reported that, with HIP, they were able to
reduce the manufacturing flaws and transform the as-built fine martensitic needles and columnar
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grains into lamellar mixture of α and β phases. Consequently, a considerable improvement in
ductility were observed with a reduction in strength.
One of the major challenges in using the as-built additively manufactured components is
their reduced ductility and lower fracture toughness due to the presence of acicular α′ contained
within columnar prior β grains. To overcome this obstacle, Xu et al. [30] had investigated the SLM
processing route and delivered a promising idea of in-situ decomposition of this unfavorable α′
needles into ultrafine lamellar α and β without post processing treatment. This production of
ultrafine lamellar α and β microstructure in the as-built Ti-6Al-4V alloy has solved the challenges
of poor mechanical performances to an extent. Maximum yield strength of 1112 ± 3 MPa, ultimate
tensile strength of 1165 ± 2 MPa and % elongation at fracture of 11.6 ± 1.2 % in the as-built state
were reported.
S. Leuders et.al [18] reported a significantly lower % elongation at fracture of 1.6% and
yield strength of 1008 MPa for the as-built Ti-6Al-4V alloy. After heat treatment at 800 ºC, yield
strength of 962 MPa and elongation at fracture of 5 % were obtained. Further heat treatment at
1050 ºC increased the elongation at fracture to 11.6 %, but reduced yield strength drastically to
798 MPa. The HIPed samples were reported to possess yield strength of 912 MPa and % elongation
at fracture of 8.3%.
Kasperovich et al. [14] reported higher % elongation at fracture of 19.4 % and yield
strength of 885 MPa, tensile strength of 973MPa and Young’s modulus of 115.4 GPa by a twostep HIP treatment along with optimization of process parameters. The reported optimization
process involved two steps: firstly, the optimization of the initial process parameters to minimize
the inherent defects associated with the process and finally, optimization of the further
thermomechanical treatment to minimize the residual stresses and tune the final microstructure.
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The energy input has a tremendous effect on the Ti-6Al-4V components manufactured by
SLM and EBM as described by Gong et al [31]. Defects caused by insufficient energy input leads
to poor mechanical properties even when present in minor amount (as low as 1 vol. %). They have
also reported that excessive energy input are less detrimental to the final components than those
caused by insufficient energy input.
B.E. Carroll et al. [32] reported a superior % elongation at fracture for DED built Ti-6Al4V components, ranging from 21.2 – 13.3 % comparable to wrought material without the need of
post-processing heat or pressure treatments. This higher % elongation was obtained by prevention
of lack of fusion porosity. They have also observed anisotropy in ductility. The samples built in
the transverse direction showed higher ductility than those built in longitudinal direction.
R. Wauthle et al. [25] discussed the effects of build orientation, stress relief and HIP heat
treatment on the microstructure and mechanical properties of SLM Ti-6Al-4V lattice structures.
Application of stress relief treatment in air resulted in stronger but more brittle lattice structure.
After HIPing, the maximum strength decreased, however with a significant improvement in
ductility because the microstructure has changed to lamellar mixture of α and β which would be
more suitable for dynamic load bearing applications.
Zuback et al. [21] in their exhaustive work on the hardness of additively manufactured
alloys observed an increase in Vickers hardness to ~343 HV from ~327HV in wire fed L-DED Ti6Al-4V alloy after stress relieving heat treatment at 600 °C for 4h. This increase in hardness after
stress relieving heat treatment was attributed to the precipitation hardening and solid solution
strengthening of the Ti-6Al-4V alloy.
In general, the strength of additively manufactured as-built Ti-6Al-4V components is
higher compared to the wrought Ti-6Al-4V but at the expense of reduced ductility and fatigue
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strength. In addition, the as-built components suffer from high residual stresses and excessive
amount of porosity. Utilization of optimized processing parameters can reduce the porosity to an
extent. Application of stress-relief treatment minimizes the residual stresses and hot-isostatic
pressing leads to a significant improvement in ductility and fatigue strength by closing the pores.
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CHAPTER 3: METHODOLOGY
3.1 Materials and Samples
As-stress relieved (ASR) and hot isostatically pressed (HIP) Ti-6Al-4V alloy rods
produced by laser powder bed fusion (LPBF) were received from Idaho National Laboratory
(INL), Idaho Falls, ID, USA. LaserForm® Ti-6Al-4V (Grade 23) powders were used to produce
tensile rods by LPBF. LaserForm® Ti-6Al-4V (Grade 23) is an ELI (Extra Low Interstitial) grade
with lower iron, carbon, and oxygen content, and is known for higher purity that yields consistent
strength, ductility and fracture toughness. There were 9 ASR and 9 HIP samples, built both in
horizontal (3 in X and 3 in Y) and vertical (3 in Z) directions with respect to the build direction
(Z). The samples built in X, Y and Z directions were named as A, B and C respectively, as shown
in Figure 6. Table 4 also reports the sample employed in this study.

Figure 6: CAD model of the build orientation of Ti-6Al-4V alloy samples produced via laser
powder bed fusion (LPBF).
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Table 4: Sample identification employed in this study
Sample
As stress relieved (ASR)
Hot isostatically pressed
(HIP)

Build Direction
Horizontal - Y
ASR-B1
ASR-B2
ASR-B3
HIP-B1
HIP-B2
HIP-B3

Horizontal - X
ASR-A1
ASR-A2
ASR-A3
HIP-A1
HIP-A2
HIP-A3

Vertical - Z
ASR-C1
ASR-C2
ASR-C3
HIP-C1
HIP-C2
HIP-C3

LaserForm Ti Gr23 (A) was fine-tuned for use specifically for 3D Systems’ ProX DMP 320 metal
3D Printers to deliver highest part quality and best part properties for Ti-6Al-4V alloy. The
recommended parameters that 3D Systems adopted for producing the Ti-6Al-4V alloys was
extensively developed, tested and optimized based on over 1000 samples.
The recommended heat treatment procedure advised by 3D systems are alternative stress
relief heat treatment (Stress Relief 1 and Stress Relief 2) and a HIP heat treatment. The as-stress
relieved (ASR) Ti-6Al-4V samples underwent Stress Relief 1 heat treatment, which consisted of
heat treatment at 670 °C for 5h followed by furnace cooling. HIP was performed at 920 °C for 2h
with a gas pressure of 100MPa followed by controlled air cooling. All heat treatments are advised
to be performed while the components are still attached to the build platform. The heat treatments
advised by 3D Systems are reported in Table 5.
Table 5: Heat treatments advised by 3D systems [33]
Process parameters
Temperature
Hold time
Gas pressure
Cooling
End of step temperature
Cycle time
Gas Medium

Stress Relief 1
670 ± 15 °C
5h - 0/+30min
Atmospheric pressure
Furnace cooling
≤ 250 °C
≥ 12h
Argon or vacuum
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Stress Relief 2
850 ± 15 °C
2h ± 15min
Atmospheric pressure
Furnace cooling
≤ 250 °C
≥ 12h
Argon or vacuum

HIP
920 ± 10 °C
2h ± 30min
100 MPa
Air cooling
≤ 150 °C
≥ 12h
Argon

3.2 Mechanical Testing
Tensile properties were determined for the samples produced with optimum LPBF
parameters specified. Due to presence of distortion, mechanical machining was carried out so that
the mechanical testing can be performed in accordance with ASTM E8/E8M standards. Room
temperature uniaxial tensile tests were carried out quasi-statically using an MTS universal testing
that had 110kN frame with 110kN load cell. The grip gauge length was 60 mm and tensile loading
rate of 0.01 mm/sec was used. A quasi-static strain rate of 4×10-4 s-1 was applied for all tests. All
deformations were recorded and measured by the Digital Image Correlation (DIC) technique. The
system consists of a Tokina AT-X Pro macro 100 mm −f/2.8−d lens with a resolution of
2448×2048 and VIC-2D 2009 software by Correlated Solutions, Inc. One DIC camera placed
perpendicular to the specimen plane was used for all tests. The capture frequency was 1 Hz.
Engineering stress-strain curves were obtained from MTS machine force with a virtual
extensometer through DIC analysis.
After the mechanical testing, macro photographs of fractured tensile rods were taken to
observe whether the fracture occurred within the gauge length of the tensile rods or not. Since 3
tensile rods were mechanically tested for X, Y and Z directions for “as-stress relieved” and “hot
isostatically pressed,” the samples were identified as listed in Table 4.

3.3 Density Determination
Density of samples were determined volumetrically first by Archimedes method. The dry
weight of the sample was taken initially with the help of an analytical balance. Then a beaker with
the suspension liquid (i.e., water) was placed inside the balance and the sample was dipped inside
the beaker carefully so that the sample does not touch the wall of the beaker and at the center.
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Afterwards the weight of the sample suspended in the suspensded in liquid was recorded. The
difference in dry and wet weight along with the density of water gave the Archimedes density as.
Archimedes density, (Ad) =
Relative density, (%) =

𝐴𝑑
𝐴𝑡

𝑊𝑑
𝑊𝑑 −𝑊𝑤

×𝜌

× 100

(1)
(2)

where, ρ is the density of liquid, g/cm3, Wd is the dry weight of the sample, Ww is the wet weight
of the sample and At is theoretical density of the alloy
The suspension liquid used in this study was distilled water (DI water) with density of
0.997g/cm3. Care was taken in order to reduce the formation of air bubbles on the rough surface
of the samples and in the solution for more consistent measurements. The theoretical density used
in Archimedes determination for relative density was kept constant at 4.42 g/cm3 for Ti-6Al-4V.
For statistical confidence, the density of the sample was measured thrice and the mean value along
with standard deviation was calculated.
In addition, the relative density of the sample was determined by image analysis of optical
micrographs. The unetched optical micrographs were used to measure the relative density of the
samples by the color threshold function of ImageJ. The unetched micrograph was opened into the
ImageJ software first. It was then converted into 8-bit for reducing the signal to noise ratio and
finally adjusted by the color threshold function to black and white in order to determine the pixel
fraction that accounts for pores/flaws which was then converted to density. Typical procedure
followed are presented in Figure 7. The analysis was conducted on two optical micrographs for
each sample, and the mean value along with the standard deviation was calculated, and the mean
value was taken as the relative density by image analysis.
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Figure 7: Density determination by image analysis of optical micrographs: (a) unetched optical
micrographs, (b) processed to 8-bit image and (c) image after thresholding.
3.4 X-Ray Diffraction Investigation
X-ray diffraction (XRD) was carried out for phase identification and preferred
crystallographic orientation analysis using a PANalytical Empyrean™ diffractometer with Cu
target Kα radiation operating at 45 kV and 40 mA. A step size of 0.03° and a counting duration of
90 seconds were employed for a good resolution and statistical significance. Each sample was
sectioned following the steps illustrated in Figure 8. The cross sections XZ, XY and YZ were
prepared, and XRD was carried out for each cross section ASR-A1, HIP-A1, ASR-B1, HIP-B1,
ASR-C1 and HIP-C1 Ti-6Al-4V alloy samples.

Figure 8: A schematic illustration of sectioning of sample for X-ray diffraction analysis: (a) CAD
model of the sample, (b) after sectioning by diamond saw for the surface perpendicular to the
tensile direction and (c) after further sectioning by diamond saw for the surface along the tensile
direction.
The XRD patterns collected was first normalized and then analyzed through PANalytical
HighScore Plus software. The background of the curve was determined first and peaks were
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searched. The searched peaks were then matched with the given pattern to check whether the
software did miss any peaks or not. This step of the analysis is important because it tells the user
how well the curve is fitted. The next step was to identify the phases that belonged to the peaks
identified, i.e., indexing. The software allowed the user to set a restriction on the search and match
execution by selecting the chemistry of the compound. A list of selected candidates was generated
on basis of high score which refers to a high probability of the pattern matched.
Quantitative phase analysis of the XRD data was performed using Rietveld refinement
within PANalytical HighScore Plus software. The refinement process started with the conversion
of accepted pattern into phases. The parameters required to run the Rietveld refinement for the Ti6Al-4V alloy were taken from the published crystallographic data in Springer Materials available
online [34]. Atomic coordinates were manually inserted for each of the elements present against
each pattern. Pseudo Voigt profile function was used for the fit and the parameters (scale factors,
global variable, profile variables) associated with the refinement was changed one at a time.
Corresponding Weighted Rprofile (Rwp) and Goodness of fit (GOF) was checked consistently after
every execution of fit. Typically, in a good fit (Rwp) should be less than 10 and GOF should be less
than 4 [35] for consistent Rietveld refinement results.

3.5 Metallurgical Preparation and Optical Microscopy
In preparation for optical microscopy, each Ti-6Al-4V alloy sample, ASR-A1 and HIP-A1,
ASR-B1 and HIP-B1 and ASR-C1 and HIP-C1, was sectioned into XZ, YZ and XY cross sections.
Each sample sectioned was mounted in epoxy and prepared metallographically with grinding and
polishing. The grinding and polishing process began with the 400 grit SiC paper on an automatic
polisher using water as lubrication, and progressed through 600, 800 and 1200 grit SiC papers.
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Between each grit, each sample was thoroughly washed in running water. All samples were given
a final polishing using 1µm diamond paste on a polishing pad and colloidal silica (0.05 µm)
polishing suspension on a polishing pad. Once the final polishing was completed, samples were
examined using the Nikon Metaphot optical microscope. The unetched optical micrographs were
first taken to be processed with the ImageJ software (National Institute of Health) in order to
determine the amount of pores. Keller’s reagent was made by 1mL hydrofluoric acid, 1.5mL
hydrochloric acid, 2.5 mL of nitric acid and 95 mL of water. Proper personal protective equipment
was worn when handling Keller’s reagent. Each sample was immersed in Keller’s reagent a few
seconds and quickly rinsed in running water before drying off.

3.6 Scanning Electron Microscope Examination
Field emission scanning electron microscope (FE-SEM, Zeiss Ultra-55TM) equipped with
X-ray energy dispersive spectroscopy (XEDS) was used to examine the fracture surface
morphology, cross-sectional phase constituents and microstructure. Both the secondary electrons
(SE) and backscattered electron (BSE) imaging modes were utilized. Low and high magnifications
SE micrographs were captured to examine the fracture surface morphology with an emphasis on
characteristic features such as pores, lack of flaws and crack initiation sites.
For the metallographically prepared cross-sectional samples, both the SE and BSE
micrographs were taken to examine the microstructural features of Ti-6Al-4V. In particular atomic
number contrast from BSE was used to distinguish the constituent phases for volume fraction
determination. In Ti-6Al-4V alloy, β-stabilizer V has higher atomic number and produces a sharp
contrast under BSE imaging mode. The β phase would therefore appears brighter than α-phase in
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BSE micrograph. Volume fraction of each phase was determined from the BSE micrographs by
using the color threshold function of ImageJ.

3.7 Vickers Hardness Test
The hardness of samples was measured using a Leco LV700TM Vickers hardness tester
with a load of 10 kgf and a dwell time of 10 s. All samples were polished down to 1 µ surface
finish before the hardness measurement. Five measurements were performed on each sample.
Vickers hardness test works by making an indentation on the sample with a mechanical load. A
pyramidal shaped diamond indenter is typically used. The hardness value is determined by using
equation (3) based on the load (P) in kgf and the indentor size (d) in mm and size d of the resultant
indentation with a calibrated optical microscope equipped on Leco LV700TM hardness tester.
𝑃

𝐻𝑉 = 1854.4 (𝑑2 ) 𝑘𝑔𝑓𝑚𝑚−2

(3)
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CHAPTER 4: RESULTS
Results from this investigation with LPBF Ti-6Al-4V alloy is presented with (1) visual
examination of tensile rods, (2) mechanical properties determined from quasi static tensile testing,
(3) density measurement by Archimedes principle and image analysis, (4) fracture surface
analyses, (5) X-ray diffraction analyses, (6) microstructural analyses by optical and scanning
electron microscopy and (7) Vickers hardness test.

4.1 Visual Examination of Tensile Rods After Tensile Testing
Figure 9 and Figure 10 present macro photographs of the as-stress relieved (ASR) and hot
isostatically pressed (HIP), respectively Ti-6Al-4V tensile specimens after fracture. Inconsistency
in location of fracture although all within the gauge length was observed. In particular, for the
vertically built ASR samples (ASR-C1, C2, and C3), fracture occurred away from the middle of
the gauge length (60mm) as presented in Figure 9. On the other hand, HIP samples fractured
consistently within the middle of the gauge length as shown in Figure 10. A close examination of
these photographs also demonstrates that the HIP samples fractured after necking while this type
of plastic deformation was not clearly visible for ASR samples.
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Figure 9: Fractured tensile specimens of as-stress relieved (ASR) Ti-6Al-4V alloy. A and B are
horizontally built in X and Y direction while C was built vertically in the Z direction which is the
building direction of the LPBF.

Figure 10: Fractured tensile specimens of hot isostatically pressed (HIP) Ti-6Al-4V alloy. A and
B were horizontally built in X and Y directions, respectively while C was built vertically in the Z
direction, which is the building direction of the LPBF.
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4.2 Mechanical Properties
The engineering stress-strain data obtained from all ASR and HIP samples are presented
in Figure 11. Plots for engineering stress-strain for each sample are presented in Appendix A. Yield
strength (YS), ultimate tensile strength (UTS), Young’s modulus and % elongation at fracture were
determined from the engineering stress-strain data as reported in Table 6 and Table 7, respectively
for ASR and HIP samples. The ASR samples built in the horizontal directions, X and Y, identified
as samples A and B had an average yield strength of 1111.74 MPa and 1146.70 MPa, respectively,
while the one in built vertical direction, Z, identified as sample C had average yield strength of
1163.45 MPa. The horizontally built samples in the X and Y directions (sample A and B,
respectively) had an average tensile strength of 1169.66 MPa and 1206.98 MPa, and for vertically
built sample C, it was 1192.82 MPa. The % elongation at fracture for the ASR samples A and B
horizontally built in X and Y directions were 9.20 % and 7.88% respectively, while it was 3.81%
for sample C built in build direction Z.
The horizontally built HIP samples in the X and Y directions (sample A and B,
respectively) had average yield strength of 936.72 MPa and 935.48 MPa, respectively, while the
C samples vertically built in Z directions had an average yield strength of 910.70 MPa. The
horizontally built HIP samples had an average tensile strength of 1006.94 MPa and 1003.29 MPa,
respectively, and for sample C built in Z orientation after HIP, the tensile strength was 998.93
MPa. The % elongation at fracture for horizontally build HIP samples, A and B built horizontally
in X and Y directions, respectively, was 16.03% and 15.38%, respectively. The % elongation at
fracture was 16.88% for sample C vertically build in the Z direction. The yield strength, tensile
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strength, % elongation at fracture and Young’s modulus of HIP samples showed isotropic and
consistent mechanical properties in all build directions.

Figure 11: Engineering stress-strain curves obtained from all the Ti-6Al-4V tensile samples: (a)
as-stress relieved (ASR) and (b) hot isostatically pressed (HIP).

Table 6: Tensile properties determined from the as-stress relieved (ASR) Ti-6Al-4V alloy samples
Sample ID

YS, σ0.2%
(MPa)

UTS
(MPa)

%
Elongation at
fracture

Young’s Modulus
(GPa)

ASR-A2

1107.52

1164.61

9.40

115.75

ASR-A3

1115.96

1175.71

9.00

115.00

Average and
Standard deviation

1111.74
± 4.22

1169.66
± 5.05

9.20
± 0.20

115.88
± 0.13

ASR-B1

1137.38

1200.47

7.95

116.18

ASR-B2

1149.13

1209.02

7.13

113.68

ASR-B3

1153.60

1211.45

8.57

113.38

Average and
Standard deviation

1146.70
± 6.84

1206.98
± 4.71

7.88
± 0.59

114.75
±1.05

ASR-C1

1157.11

1182.57

3.68

121.53
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Sample ID

YS, σ0.2%
(MPa)

UTS
(MPa)

%
Elongation at
fracture

Young’s Modulus
(GPa)

ASR-C2

1169.93

1203.25

3.95

120.23

ASR-C3

1163.30

1192.64

3.80

121.62

Average and
Standard deviation

1163.45
± 5.23

1192.82
± 8.44

3.81
± 0.11

121.13
± 0.64

Table 7: Tensile properties determined from the hot isostatically pressed (HIP) Ti-6Al-4V alloy
samples
Sample ID

YS, σ0.2%
(MPa)

UTS
(MPa)

%
Elongation at
fracture

Young’s Modulus
(GPa)

HIP-A1

937.40

1006.94

16.05

115.87

HIP-A2

936.69

1006.33

16.55

115.36

HIP-A3

936.08

1007.57

15.49

115.34

Average and
Standard deviation

936.72
± 0.54

1006.94
± 0.51

16.03
± 0.43

115.5
± 0.25

HIP-B1

933.55

1003.55

15.68

118.60

HIP-B2

933.80

1003.82

15.02

114.15

HIP-B3

939.09

1002.50

15.44

117.88

Average and
Standard deviation

935.48
± 2.55

1003.29
± 0.57

15.38
±0.27

116.88
± 1.95

HIP-C1

907.72

1000.27

18.03

112.98

HIP-C2

908.70

998.85

16.64

113.32

HIP-C3

915.68

997.67

15.97

112.97

Average and
Standard deviation

910.70
± 3.54

998.93
± 1.06

16.88
± 0.86

113.09
± 0.16
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For a better visualization of the variation in the tensile properties Figure 12 presents
average and standard deviation determined for (a) yield strength, (b) ultimate tensile strength, (c)
% elongation at fracture and (d) Young’s modulus of all the samples. The ASR Ti-6Al-4V alloy
samples exhibited higher yield strength and tensile strength than the HIP samples as shown in
Figure 12(a) and 12(b). The ASR Ti-6Al-4V alloy samples built in Z-direction i.e., build direction
identified as sample series ASR-C, had a higher yield strength than A and B samples built in X
and Y directions. After HIP, the ASR Ti-6Al-4V alloy samples exhibited relatively consistent yield
strength and tensile strength although samples built in the Z-direction, i.e., build direction,
identified as sample series HIP-C had a slightly lower yield strength. Despite the reduction in
strength after the HIP, a significant and consistent increase in ductility was observed for the HIP
samples as shown in Figure 12(c). Moreover, the % elongation at fracture after HIP was relatively
constant, above 15% for all the three build directions. Young’s modulus remained relatively
constant for all samples although the ASR sample built in the Z-direction i.e., build direction
identified as samples series ASR-C had slightly higher value as presented in Figure 12(d).
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Figure 12: Comparison of tensile properties between as-stress relieved (ASR) and hot isostatically
pressed (HIP) Ti-6Al-4V alloy samples: (a) yield strength, (b) ultimate tensile strength, (c) %
elongation at fracture and (d) Young’s modulus.
In order to clearly distinguish the difference in mechanical behavior of ASR and HIP
samples, each built in X, Y and Z-directions, modulus of toughness (MOT; integrated area under
the stress-strain curve) was determined for each sample. They are reported in Table 8, Table 9 and
Figure 13. The ASR samples, in general, had lower MOT’s than the HIP samples. Also, a large
anisotropic behavior was observed, because the ASR samples built in X and Y directions yielded
the MOT values of 100 and 88 J/m3, respectively, while the C-series samples built along the build
direction Z had a MOT of only 39 J/m3. After HIP, the MOT’s for all samples were quite consistent
and isotropic, ranging from 146 to 159 J/m3.
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Table 8: Modulus of Toughness (MOT) estimated from the as-stress-relieved (ASR) Ti-6Al-4V
alloy samples
Sample ID

Modulus of Toughness, (J/m3)

ASR-A2

102.21

ASR-A3

98.55

Average and Standard deviation

100.38 ± 1.83

ASR-B1

88.54

ASR-B2

79.07

ASR-B3

96.45

Average and Standard deviation

88.02 ± 7.10

ASR-C1

37.50

ASR-C2

41.30

ASR-C3

39.06

Average and Standard deviation

39.29 ± 1.56

Table 9: Modulus of Toughness (MOT) estimated from the hot-isostatically pressed (HIP) Ti-6Al4V alloy samples
Sample ID

Modulus of Toughness, (J/m3)

HIP-A1

157.51

HIP-A2

153.46

HIP-A3

147.64

Average and Standard deviation

152.94 ± 4.13

HIP-B1

149.13

HIP-B2

142.56

HIP-B3

147.30

Average and Standard deviation

146.33 ± 2.77
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Sample ID

Modulus of Toughness, (J/m3)

HIP-C1

169.94

HIP-C2

157.07

HIP-C3

149.73

Average and Standard deviation

158.91 ± 8.35

Figure 13: Modulus of Toughness estimated for the as stress-relieved (ASR) and hot-isostatically
pressed (HIP) Ti-6Al-4V alloy samples.
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4.3 Vickers Hardness Measurement
The Vickers hardness value of ASR and HIP samples collected from the XZ (ASR-A1 and HIPA1), YZ (ASR-B1 and HIP-B1) and XY (ASR-C1 and HIP-C1) cross sections was measured and
reported in Table 10, Table 11 and Figure 14. The ASR samples in general had higher hardness
than the HIP samples. The ASR samples showed some variation in the hardness ranging from 333
HV to 346 HV. After HIP, however, the hardness for all samples were quite consistent and
isotropic, ranging from 301 to 304 HV.
Table 10: Vickers hardness measured from the as-stress relieved (ASR) Ti-6Al-4V alloy samples
Sample ID

HV

HV

HV

HV

HV

Average and Standard
deviation

ASR-A1

336.50

339.70

343.30

330.70

344.10

338.86 ± 4.90

ASR-B1

343.90

343.10

345.50

351.30

346.00

345.96 ± 2.87

ASR-C1

332.20

330.40

339.50

330.80

332.20

333.02 ± 3.32

Table 11: Vickers hardness measured from the hot isostatically pressed (HIP) Ti-6Al-4V alloy
samples
Sample ID

HV

HV

HV

HV

HV

Average and Standard
deviation

HIP-A1

298.10

304.10

304.00

302.00

306.60

302.96 ± 2.83

HIP-B1

301.30

306.20

298.60

305.20

309.70

304.20 ± 3.87

HIP-C1

300.80

300.90

301.00

296.20

307.90

301.36 ± 3.74
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Figure 14: Vickers hardness estimated for the as stress-relieved (ASR) and hot-isostatically
pressed (HIP) Ti-6Al-4V alloy samples.
4.4 Density Determination
Archimedes and image analysis methods were used to determine the relative density of the
LPBF Ti-6Al-4V samples as reported in Table 12 and Table 13. Density of all samples were greater
than 99%. Determination by image analysis yielded greater density values, all above 99.9%. The
XZ, YZ and XY cross sectional unetched optical micrographs for both the ASR and HIP Ti-6Al4V alloy samples are presented in Appendix B. Some fine pores were occasionally observed in the
unetched optical micrographs taken from Ti-6Al-4V alloy samples, but they were rarely observed
in HIP samples. Figure 15 visualizes the variation in relative density determined for the samples
examined in this study.
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Table 12: Density of as-stress relieved (ASR) Ti-6Al-4V alloy samples

Sample ID

Theoretical Density,
(g/cm3)

Density by Image
analysis, (%)

Archimedes Density,
(%)

ASR-A1

4.42

99.97 ± 0.01

99.37 ± 0.03

ASR-B1

4.42

99.96 ± 0.01

99.60 ± 0.05

ASR-C1

4.42

99.95 ± 0.003

99.54 ± 0.05

Table 13: Density of hot isostatically pressed (HIP) Ti-6Al-4V alloy samples

Sample ID

Theoretical Density,
(g/cm3)

Density by Image
analysis, (%)

Archimedes Density,
(%)

HIP-A1

4.42

99.99 ± 0.001

99.22 ± 0.06

HIP-B1

4.42

99.99 ±0.003

99.05 ± 0.09

HIP-C1

4.42

99.98 ±0.02

99.19 ± 0.07

Figure 15: Relative density of as-stress relieved (ASR) and hot isostatically pressed (HIP) Ti-6Al4V alloy samples: (a) Archimedes method, (b) image analysis

39

4.5 Fractography
The low magnification secondary electron micrographs in Figure 16 shows the overall
fracture surfaces of the ASR and HIP Ti-6Al-4V alloy samples. Some pores-like features were
observed on the fracture surfaces, more so for the ASR samples than the HIP samples.
Secondary electron micrographs at higher magnification in Figure 17 show the
representative details of the fracture surfaces for the horizontally and vertically built Ti-6Al-4V
alloy samples. These micrographs were obtained from the fractured samples: (a) ASR-A1, (b) HIPA1, (c) ASR-B1, (d) HIP-B1, (e) ASR-C1 and (f) HIP-C1. In general, the fracture surfaces of ASR
samples presented in Figure 17(a), 17(c) and 17(e), exhibited mixed modes of ductile and brittle
failure modes, while those of HIP samples exhibited more dimples associated with ductile fracture
as shown in Figure 17(b), 17(d) and 17(f). This difference in fracture surface characteristics
corresponds well to the difference in mechanical properties reported.
One of the noticeable features on ASR-C1 sample, which was built along the Z directions,
i.e., the build direction, and exhibited the lowest ductility and MOT of 3.60% and 39 J/m 3,
respectively, was the large pockets as presented in Figure 18. Size of these pockets ranged from
30 to 100 micrometers, and clearly corresponds to the starting powder size range. In addition, the
interior surface of these pockets was mostly smooth. These would appear on the fracture surface
because of the lack of fusion of flaws, where unfused and/or partially fused powders would be
lifted and/or torn away during fracture without any significant contribution to load-bearing in
tension.
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Figure 16: Secondary electron SEM micrographs of the fracture surface of as-stress relieved (ASR)
and hot isostatically pressed (HIP) Ti-6Al-4V alloy samples: (a) ASR-A1, (b) HIP-A1, (c) ASRB1, (d) HIP-B1 (e) ASR-C1 and (f) HIP-C1.
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Figure 17: Secondary electron fractographic micrographs at higher magnification for the
horizontally built and vertically built Ti-6Al-4V alloy samples after ASR and HIP: (a) ASR-A1,
(b) HIP-A1, (c) ASR-B1, (d) HIP-B1, (e) ASR-C1 and (f) HIP-C1.

42

Figure 18: Secondary electron fractographic micrographs demonstrating the presence of lack-offusion flaws in the vertically built ASR-C1, Ti-6Al-4V alloy sample.
4.6 Phase Analysis by XRD
XRD patterns collected from the XZ, YZ and XY cross-sections of ASR and HIP samples
are presented in Figure 19 through Figure 21. The XRD patterns presented were from the Ti-6Al4V alloy samples horizontally built in X and Y directions (ASR-A1, HIP-A1, ASR-B1 and HIPB1) and vertically built in Z direction (ASR-C1 and HIP-C1). The main peaks observed from ASRA1, ASR-B1 and ASR-C1 samples were from α′ (hcp) phase. The appearance of very small peak
at 2θ = 39.47° were observed for HIP-A1, HIP-B1 and HIP-C1 samples only, which verified the
presence of certain amount of β phase [18]. All the peaks were indexed by comparing with the
powder diffraction files (01-089-5009) in PANalytical HighScore software. The presence of α′
phase in ASR samples and α phase in HIP samples was confirmed by the refined X-ray diffraction
pattern using the Rietveld fit, which reveals the α′ and α phase with the hexagonal lattice of a =
2.9440 Å and c =4.6780 Å, identical to the reported values of α′ in literature [36] and space group
of P63/mmc (194). This is primarily due to the fact that XRD cannot differentiate between α′ and
α phase as they have same hcp crystal structure and very similar lattice parameters [37].
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Figure 19: X-ray diffraction pattern of horizontally built Ti-6Al-4V alloy samples: (a) ASR-A1
(b) HIP-A1. The two XZ cross section represent two ends of the tensile specimen. XY cross section
was obtained on sectioning the XZ cross section perpendicular to the tensile direction

Figure 20: X-ray diffraction pattern of horizontally built Ti-6Al-4V alloy samples: (a) ASR-B1 (b)
HIP-B1. The two YZ cross section represent two ends of the tensile specimen. XY cross section
was obtained on sectioning the YZ cross section perpendicular to the tensile direction.
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Figure 21: X-ray diffraction pattern of vertically built Ti-6Al-4V alloy samples: (a) ASR-C1 (b)
HIP-C1. The two XY cross section represent top and bottom section of the tensile specimen. XZ
cross section was obtained on sectioning the XY cross section perpendicular to the tensile
direction.
The Rietveld fit of HIP samples also revealed the presence of β phase with the bcc lattice
parameter of a = 3.23 Å, slightly higher than 3.18-3.21 Å reported in literature [29], and space
group of Im3m (229). The transformation of α′ into α and β phases obtained using the Rietveld
refinement indicates that phase transformation has occurred during HIPing of the ASR samples.
Finally, quantitative phase analysis was performed for the XRD patterns using Rietveld
refinement. The representative refined X-ray diffraction pattern of ASR and HIP samples and the
relevant parameters obtained from refinement are presented in Figure 22 through Figure 25 and
Table 14 through Table 17.
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Figure 22: Refined X-ray diffraction pattern of horizontally built ASR-A1 Ti-6Al-4V alloy sample
using Rietveld analysis: (a) scanning range of 30º - 90º within 2θ and (b) ) scanning range of 34º44º within 2θ. The observed XRD pattern collected from the XZ cross section are shown in blue,
the calculated fit from the Rietveld analysis in orange and the difference between the observed and
calculated values is shown in grey.
Table 14: Relevant parameters obtained from the Rietveld refinement of ASR-A1 Ti-6Al-4V alloy
sample
α′ phase
ICDD database code
ICSD database code
Volume fraction
Weight fraction
Space group (No.)
Lattice parameter: a
Lattice parameter: c
R (weighted profile)
Goodness of fit (GOF)

01-089-5009
76265
100 %
100%
P63/mmc (194)
2.9440 Å
4.6780 Å
7.05%
1.90
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Figure 23: Refined X-ray diffraction pattern of horizontally built HIP-A1 Ti-6Al-4V alloy sample
using Rietveld analysis: (a) scanning range of 30º - 90º within 2θ and (b) scanning range of 34º44º within 2θ. The observed XRD pattern collected from the XZ cross section are shown in blue,
the calculated fit from the Rietveld analysis in orange and the difference between the observed and
calculated values is shown in grey.
Table 15: Relevant parameters obtained from the Rietveld refinement of HIP-A1 Ti-6Al-4V alloy
sample
α phase
ICDD database code
01-089-5009
ICSD database code
76265
Volume fraction
98.59 %
Weight fraction
89.30 %
Space group (No.)
P63/mmc (194)
Lattice parameter: a
2.9440 Å
Lattice parameter: c
4.6780 Å
R (weighted profile)
Goodness of fit (GOF)

β phase
ICDD database code
ICSD database code
Volume fraction
Weight fraction
Space group (No.)

8.41 %
2.35
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01-081-9813
187067
1.41%
10.70%
Im3m (229).

Lattice parameter: a

3.2322 Å

R (weighted profile)
Goodness of fit (GOF)

8.41 %
2.35

Figure 24: Refined X-ray diffraction pattern of horizontally built HIP-B1 Ti-6Al-4V alloy sample
using Rietveld analysis: (a) scanning range of 30º - 90º within 2θ and (b) scanning range of 34º44º within 2θ. The observed XRD pattern collected from the YZ cross section are shown in blue,
the calculated fit from the Rietveld analysis in orange and the difference between the observed and
calculated values is shown in grey.
Table 16: Relevant parameters obtained from the Rietveld refinement of HIP-B1 Ti-6Al-4V alloy
sample
α phase
ICDD database code
01-077-6855
ICSD database code
609522
Volume fraction
98.78 %
Weight fraction
90.80 %
Space group (No.)
P63/mmc (194)
Lattice parameter: a
2.9250Å
Lattice parameter: c
4.6670 Å
R (weighted profile)
7.52 %
Goodness of fit (GOF)
2.09

β phase
ICDD database code
ICSD database code
Volume fraction
Weight fraction
Space group (No.)

48

01-081-9813
187067
1.22%
9.20%
Im3m (229).

Lattice parameter: a

3.2322 Å

R (weighted profile)
Goodness of fit (GOF)

7.52 %
2.09

Figure 25: Refined X-ray diffraction pattern of vertically built HIP-C1 Ti-6Al-4V alloy sample
using Rietveld analysis: (a) scanning range of 30º - 90º within 2θ and (b) scanning range of 34º44º within 2θ. The observed XRD pattern collected from the XY cross section are shown in blue,
the calculated fit from the Rietveld analysis in orange and the difference between the observed and
calculated values is shown in grey.
Table 17: Relevant parameters obtained from the Rietveld refinement of HIP-C1 Ti-6Al-4V alloy
sample
α phase
β phase
ICDD database code
01-089-5009
ICDD database code
01-081-9813
ICSD database code
76265
ICSD database code
187067
Volume fraction
98.55 %
Volume fraction
1.45%
Weight fraction
89.10 %
Weight fraction
10.90%
Space group (No.)
P63/mmc (194)
Space group (No.)
Im3m (229).
Lattice parameter: a
2.9440 Å
Lattice parameter: a
3.2322 Å
Lattice parameter: c
4.6780 Å
R (weighted profile)
Goodness of fit (GOF)

7.67 %
2.42

R (weighted profile)
Goodness of fit (GOF)
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7.67 %
2.42

4.7 Microstructure Analysis by Optical Microscopy
Figure 26 presents optical micrographs from the cross-sectional ASR and HIP Ti-6Al-4V
alloy samples that were horizontally built in X direction (ASR-A1 and HIP-A1, respectively),
horizontally built in Y direction (ASR-B1 and HIP-B1, respectively) and vertically built in Z
orientation (ASR-C1 and HIP-C1). Samples examined for optical microscopy were prepared from
the either ends of the tensile rods, but there was no significant variation in the microstructural
features and their size. In addition, no significant variation was observed in X, Y and Z directions
within the tensile rods.
The equilibrium microstructure of Ti-6Al-4V alloy consists of α (hcp) and β (bcc) phases.
Owing to the non-equilibrium solidifications inherent in LPBF, a metastable acicular martensitic
α′(hcp) phase would form after LPBF, and was observed to remain in the ASR samples that
underwent stress-relief heat treatment at 670 °C for 5h followed by furnace cooling, as presented
in Figure 26(a), 26(c) and 26(e). These metastable acicular martensitic α′-phase are considered
hard and brittle [33, 38], in comparison to the equilibrium mixture of α (hcp) and β (bcc) phases,
and would contribute to the high strength, low ductility and low MOT observed from mechanical
behavior assessment.
HIP was performed at 920 °C for 2h using a gas pressure of 100 MPa followed by
controlled air cooling. Optical micrographs presented in Figure 26(b), 26(d) and 26(f) demonstrate
that the fine acicular martensitic α′-phase has transformed into lamellar α + β mixture for all
samples. The lighter contrast in these figures are the α phase, and the β phase appears darker. This
decomposition corresponds to significant increases in ductility, MOT, and isotropy, with a slight
decrease in strength for the HIP samples.

50

Figure 26: Optical micrographs from the horizontally built (X and Y) and vertically built (Z)
Ti6Al-4V alloy samples after ASR and HIP: (a) ASR-A1, (b) HIP-A1, (c) ASR-B1, (d) HIP-B1,
(e) ASR-C1 and (f) HIP-C1.
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4.8 Microstructure Analysis by SEM
Figure 27 presents secondary electron (SE) micrographs from the cross sectional ASR and
HIP Ti-6Al-4V alloy samples that were horizontally built in X direction (ASR-A1 and HIP-A1,
respectively), horizontally built in Y direction (ASR-B1 and HIP-B1, respectively), and vertically
built in Z direction (ASR-C1 and HIP-C1). Aforementioned, the stress relieve heat treatment was
carried out at 670 °C for 5h followed by furnace cooling, and HIP was carried out at 920 °C for 2h
with a pressure of 100 MPa followed by controlled air cooling. Samples examined were prepared
from the either ends of the tensile rods, but there was no significant variation in the microstructural
features and their size. In addition, no significant variation was observed in X, Y and Z directions
within the tensile rods.
The SE micrographs of samples, only after stress relief heat treatment, showed the presence
of brittle acicular α′ martensitic phase as presented in Figure 27(a), 27(c) and 27(e). The fine
acicular martensitic α′-phase has transformed into the equilibrium lamellar α + β mixture after HIP
as presented in Figure 27(b), 27(d) and 27(f). The darker contrast in Figures 27(b), 27(d) and 27(f)
are the α phase, and the β phase appears lighter. The microstructural observations made by SEM
are consistent with those made by OM. The phase transformation, α′-to-(α+β) corresponds to
significant increases in ductility, MOT, and isotropy, with a slight decrease in strength.
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Figure 27: Secondary electron micrographs from the horizontally built (X and Y) and vertically
built (Z) Ti-6Al-4V alloy samples after ASR and HIP: (a) ASR-A1, (b) HIP-A1, (c) ASR-B1, (d)
HIP-B1, (e) ASR-C1 and (f) HIP-C1.

To further confirm the transformation of metastable, fine, acicular, martensitic α′-phase
into the equilibrium lamellar α + β mixture, backscattered electron (BSE) micrographs from the
HIP samples were examined via image analysis. Figure 28 presents a typical BSE micrograph from
a HIP sample, where the lighter contrast corresponding to the β-phase was analyzed to determine
the volume fraction of the beta (β) phase in HIP Ti-6Al-4V alloy samples. For the HIP-A1, HIP53

B1 and HIP-C1 Ti-6Al-4V alloy samples, the volume fraction of the beta (β) phase were,
respectively, 25.22 ± 2.94, 23.56 ± 0.53, and 26.92 ± 2.68 with an average of 25.23 ± 1.37 %
which are different than the volume fraction of beta (β) phase obtained through Rietveld
refinement as presented in Table 18.

Figure 28: Typical backscatter electron micrograph from Ti-6Al-4V alloy sample after hotisostatic pressing (HIP) at 920 °C for 2h with a pressure of 100 MPa.
Table 18: Weight fraction of β phase obtained through image analysis of SEM-BSE micrographs
and Rietveld refinement
Sample-ID

Wt. fraction of β phase
obtained from image
analysis, (%)

Wt. fraction of β phase
obtained from Rietveld
refinement, (%)

HIP-A1

25.22 ± 2.94

10.70

HIP-B1

23.56 ± 0.53

9.20

HIP-C1

26.92 ± 2.68

10.90

54

Wt. fraction of β phase
at 920° C according to
Ti-6Al-4V phase
diagram [7], (%)

10

CHAPTER 5: DISCUSSION
5.1 Microstructure and Tensile Properties
Owing to the rapid cooling rate associated with the LPBF process, the microstructure in
the as-built Ti-6Al-4V alloy consisted of acicular martensitic α′ phase. Liu et al. [3] reported that
α′ has the highest strength value among all the phases in Ti-6Al-4V alloy system, but with reduced
plasticity. Heat treatment is generally applied to Ti-6Al-4V alloy after fabrication to homogenize
the microstructure in order to enhance ductility and fracture toughness depending on the
applications of the alloy. The heat treatments applied to Ti-6Al-4V alloy below and above the β
transus (1000 °C) are referred to as sub-transus and super-transus heat treatments, respectively
[29]. Beese et al. [5] reported the temperature required for complete decomposition of α′ to be 780
°C while Vilaro et al. [39] reported the requirement of 800 °C for complete decomposition. In this
study, the stress relief heat treatment for Ti-6Al-4V alloy samples was carried out at 670 °C for 5h
followed by furnace cooling. This temperature is well below the α′ decomposition temperature,
and therefore the ASR samples exhibited acicular α′ microstructure. Presence of fine acicular α′
microstructure would contribute to the higher strength and lower ductility observed for the ASR
samples [5] as shown in Figure 26 and Figure 27 respectively.
HIP was performed at 920°C for 2h with a gas pressure of 100 MPa followed by controlled
air cooling. The temperature of HIP was above the α′ decomposition temperature, and therefore,
the HIP samples exhibited fine lamellar mixture of α+β phases due to decomposition of α′ (hcp)
phase as shown in Figure 26 and Figure 27 respectively. The presence of α and β phases were
confirmed by the refined X-ray diffraction patterns as shown in Figure 23 through Figure 25 which
revealed the presence of α phase with the hexagonal lattice parameters of a = 2.94 Å and c = 4.68
Å, and β phase with the cubic (bcc) lattice parameter of a = 3.23 Å. These lattice parameters are
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very close to the values reported in literature [40]. The reason why the strength of Ti-6Al-4V alloy
samples decreases while ductility increases after the utilization of HIP is due to the phase
transformations, and potential coarsening of α+β lamellae at 920 °C for 2 h during HIP. On average
the yield strength of ASR samples decreased from 1141 ± 22 MPa to 928 ± 12 MPa, tensile strength
decreased from 1190 ± 15 to 1003 ± 3 MPa, and ductility increased from 6.9 ± 2.3 % to 16.1 ± 0.6
% after HIP.
The higher strength of ASR samples can be primarily attributed to phases present and the
associated hardening mechanism. Martensitic α′ present in the ASR samples is a metastable phase
with deformed lattice structures. The formation of α′ will incur lattice strains which is why it is
stronger than lamellar α+β phase [3]. Yang et al. reported [27] that high density of dislocations
was observed in α′ martensite which also contributes to hardening via dislocation strengthening.

5.2 Hardness, Microstructure and Modulus of Toughness
Change in hardness values for the ASR and HIP samples can be correlated with the
microstructure. Typically, given the same composition and phase constituents, finer microstructure
gives rise to higher hardness as reported by Vilaro et al. [39]. The ASR samples exhibited a higher
hardness value compared to HIP samples as presented in Table 10, Table 11 and Figure 14 due to
the presence of fine acicular α′ martensite. HIP at 920 °C for 2h followed by controlled air cooling
results in decomposition of acicular α′ phase into lamellar mixture of α and β phases, which can
also coarsen during HIP.
In general, a higher hardness also corresponds to a lower the ductility. Compared to the
ASR samples, the HIP samples had higher ductility and lower hardness. However, the hardness
value of HIP samples were very consistent and isotropic: HIP-A1 and HIP-B1 samples built in the
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horizontal direction (X and Y, respectively), had a hardness value of 303 ± 3 HV and 304 ± 4 HV.
The vertically built HIP-C1 sample built in build direction, Z had a hardness value of 301 ± 4 HV.
In contrast, the ASR samples showed an inconsistency in hardness ranging from 333 ± 3 to 346 ±
3 HV. Interestingly the ASR sample built vertically in Z direction had the lowest hardness, but
also had lower ductility and modulus of toughness (MOT) as reported in Table 8 and Figure 13.
For example, ASR-C samples had the lowest MOT of 39 ± 2 J/m3 while the ASR samples built in
X and Y horizontal directions, A and B, respectively, had MOT of 100 ± 2 J/m3 and 88 ± 7 J/m3.
Therefore, the lowest ductility and the lowest MOT observed in vertically built ASR samples
cannot be attributed to the constituent phase of α′ and fine microstructure.

5.3 Mechanical Anisotropy
Mechanical behavior of HIP samples was more consistent and isotropic compared to the
ASR samples. The horizontally built HIP samples, A and B built horizontally in X and Y direction,
respectively, had yield strength of 937 ± 1 MPa and 935 ± 3 MPa, tensile strength of 1007 ± 1
MPa and 1003 ± 1 MPa, 16 ± 0.4 and 15.4 ± 0.3 % elongation at fracture, Young’s modulus of
116 ± 0.25 GPa and 117 ± 2GPa, modulus of toughness of 153 ± 4 J/m3 and 146 ± 3 J/m3. HIP
sample built in the Z-direction i.e., build direction identified as samples series HIP-C had yield
and tensile strength, respectively, at 911 ± 4 and 999 ± 1 MPa, 16.9 ± 0.9 % elongation at fracture,
Young’s modulus of 113 ± 0.2 GPa, modulus of toughness of 159 ± 9 J/m3. Thus, no significant
mechanical anisotropy can be reported for the HIP samples. This differs from the work of Qiu et
al. [26] where they have reported that the difference in ductility between the horizontally and
vertically built samples persisted even after utilization of HIP with 103 MPa at 920 °C for 4h
followed by furnace cooling.
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On the other hand, significant anisotropy in ductility was observed in ASR samples. The
horizontally built ASR samples, A and B built horizontally in X and Y direction, respectively had
ductility of 9.2 ± 0.2 % and 7.9 ± 0.6 % while the ASR-C sample built in build direction Z had
ductility of 3.8 ± 0.1 %. This significant reduction in ductility corresponds to the lowest MOT of
39 ± 2 J/m3 observed for sample series ASR-C originating primarily from lack of fusion flaws
evidenced by large pockets presented on fracture surfaces as shown in Figure 18. The size of these
pockets ranged from 30 to 100 µm, which is approximately equal to the size of the starting powders
used. During the quasi-static tension test, these powders would torn away and acts as crack
initiation sites lowering the ductility and MOT. The fact that the differences in ductility and MOT
between the horizontally and vertically built samples do not exist after HIPing confirms that the
significant anisotropy observed for ASR samples is due to the presence of lack of fusion flaws.
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CHAPTER 6: CONCLUSIONS
The present study investigated the mechanical properties, fracture surface and microstructure of
Ti-6Al-4V (Grade 23) tensile rods produced by laser powder bed fusion after quasi static tension
test. Main findings from the study are:
1. Regardless of build direction, mechanical properties of LPBF Ti-6Al-4V alloy examined
by quasi-static tension satisfy the industry specification after a proper heat treatment that
includes stress relief at 670 °C for 5h and hot isostatic pressing with 100MPa at 920 °C for
2h.
2. The as-stress relieved (ASR) samples in general had higher strength and lower ductility
while hot isostatically pressed samples had lower strength but higher ductility. The ASR
samples built in the build direction, Z had the lowest ductility at 3.8%. This significant
anisotropy in ductility for ASR samples built in the Z direction was mainly due to presence
of lack of fusion flaws associated with the LPBF process.
3. Mechanical behavior of HIP samples were more consistent, isotropic and can be reported
as yield strength of 928 ± 12 MPa, tensile strength of 1003 ± 3 MPa, 16.1 ± 0.6 %
elongation at fracture, modulus of toughness of 153 ± 5 J/m3, Young’s modulus of 115 ± 2
GPa and hardness of 303 ± 1 HV. However, even for the HIP samples, samples build in
the build direction (Z) gave slightly lower strengths of yield and tensile, respectively, at
911 ± 4 and 999 ± 1 MPa.
4. The microstructure of the ASR samples was dominated by fine acicular martensitic α′ due
to rapid melting and solidification associated with the LPBF process. After HIP treatment
the fine acicular martensitic α′ transformed into fine lamellar mixture of α+β phases.
Utilization of HIP closed almost all of the lack-of-fusion flaws and keyhole pores making
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the alloy considerably more ductile and isotropic, however with a slight decrease in
strength.
5. The ASR samples showed a higher hardness value compared to HIP samples. The ASRC1 sample built in the build direction, Z had a hardness value of 333 ± 3 HV while the
ASR-A1 and ASR-B1 sample built in the build direction (X and Y), respectively had a
hardness value of 339 ± 5 HV and 346 ± 3 HV. The hardness value of HIP samples were
more consistent, isotropic and can be reported as 303 ± 1 HV.
6. The density greater than 99% was determined using Archimedes principle and image
analysis for both the ASR and HIP samples. This is due to the fact that optimized LPBF
parameters for Ti-6Al-4V alloy were employed to produce all samples.
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CHAPTER 7: FUTURE WORK
In order to conduct a more thorough investigation on the potential coarsening of
microstructure during HIPing at 920 °C for 2h followed by controlled air cooling, several more
HIP samples need to be cut and annealed at temperatures below the β transus and characterized.
The annealing at different temperatures below the β transus would assist in finding a trend on the
potential coarsening effect. In general, this study should be extended to further investigate the
potential coarsening of the microstructure of HIP Ti-6Al-4V alloy samples.
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APPENDIX A: PLOT OF ENGINEERING STRESS-STRAIN CURVE OF
ASR AND HIP SAMPLE SERIES
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Figure 29: Plot of engineering stress-strain curve of as-stress relieved (ASR) Ti-6Al-4V alloy
samples: (a) ASR-A series, (b) ASR-B series, (c) ASR-C series.
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Figure 30: Plot of engineering stress-strain curve of hot isostatically pressed (HIP) Ti-6Al-4V alloy
samples: (a) HIP-A series, (b) HIP-B series, (c) HIP-C series.
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APPENDIX B: UNETCHED OPTICAL MICROGRAPHS

65

Figure 31: Unetched Optical micrographs from the horizontally built (X) Ti-6Al-4V alloy samples
after ASR and HIP: (a) ASR-A1, one end, (b) ASR-A1, other end, (c) HIP-A1, one end and (d)
HIP-A1, other end. The arrow indicates pores present in the ASR samples.
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Figure 32: Unetched Optical micrographs from the horizontally built (Y) Ti-6Al-4V alloy samples
after ASR and HIP: (a) ASR-B1, one end, (b) ASR-B1, other end, (c) HIP-B1, one end and (d)
HIP-B1, other end. The arrow indicates pores present in the ASR samples.
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Figure 33: Unetched Optical micrographs from the vertically built (Z) Ti-6Al-4V alloy samples
after ASR and HIP: (a) ASR-C1, top end, (b) ASR-C1, bottom end, (c) HIP-C1, top end and (d)
HIP-C1, bottom end. The arrow indicates pores present in the ASR samples.
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